Abstract-High (maximum of 4.1 ppm lipid weight) levels of BDE-209 and other higher brominated diphenyl ethers (BDEs) found in California, USA, peregrine falcon (Falco peregrinus) eggs (n 5 95) provided an opportunity to examine homolog profiles of nona-, octa-, and hepta-BDEs as possible evidence for biological debromination of BDE-209. We found two congeners in eggs, an unidentified hepta-BDE (BDE-heptaUNK) and BDE-202 (octa-BDE) that are not present in commercial mixtures. In addition, BDE-208 (nona-BDE) was present at much higher (10-fold) proportions in eggs than in commercial mixtures. To examine whether these unusual homolog patterns arose from assimilation of environmentally degraded BDE commercial mixtures, we compared nona-hepta-BDE homolog profiles of peregrine falcon eggs with those of weathered BDEs present in various abiotic matrices (sludge, sediment, and dusts). We found the profiles differed significantly: BDE-207 was the major nona-BDE in eggs, whereas BDE-206 was the major nona-BDE in abiotic matrices. Thus, the evidence for the biological debromination of BDE-209 in peregrine falcons is twofold: Eggs have two congeners (BDE-202 and -heptaUNK) that are not reported for any commercial mixtures nor in the abiotic matrices examined thus far, and eggs have higher-brominated BDE homolog patterns that are different from those found in commercial mixtures or environmental matrices.
INTRODUCTION
The unregulated use of decabrominated diphenyl ether formulations (deca-BDEs) as a non-matrix-bound flame retardant additive to plastics and synthetics in consumer products has led to worldwide environmental contamination (e.g., sediments, sludge [1, 2] , dusts [3] , air [4] , water [5] , and biota [6] ). Generally, higher levels are reported in environmental matrices in urban areas [7] . Johansson et al. [8] reported high levels and proportions of BDE-183 and -209 in eggs from two populations of Swedish peregrine falcons (Falco peregrinus) in 2004. Subsequently, several studies have measured BDE-209 and other higher-brominated BDE congeners in terrestrial and aquatic food webs [9] [10] [11] [12] [13] [14] [15] [16] , and feeding studies have shown that BDE-209 can be absorbed and metabolized by birds, fish, and mammals [17] [18] [19] [20] . The instability of BDE-209 in UV light, sunlight, heat, or reductive geochemical conditions and the appearance of possible biological debromination products of BDE-209 in biota suggest that the enormous reservoir of BDE-209 present in sediments, dusts, and discarded flame-retarded plastics and synthetic materials may be transformed over the years into lower-brominated congeners, which are both more bioavailable and more toxic [21] [22] [23] [24] [25] .
Our biomonitoring programs in California, USA, have examined levels of chemicals of concern in wildlife and residents.
We have measured concentrations of polybrominated diphenyl ethers (PBDEs) in a variety of biota and human tissues including harbor seals [26] , fish [27] , and tern eggs [28] from the San Francisco Bay; peregrine falcon eggs from California [11] ; and adipose [29] , serum, and breast milk samples from California and/or the Pacific Northwest [30, 31] . Polybrominated diphenyl ether levels detected in these matrices are among the highest in the world. For the aquatic biota, the lower-brominated tetra-, penta-, and hexa-BDEs (BDE-47, -99, -100, -153, and -154) predominated, with higher-brominated (hepta-nona-BDE) congeners (e.g., BDE-183), where measured, present only as minor components, and little or no BDE-209 found. These results agree with the limited data on PBDEs in the aquatic food web, where the higher-brominated congeners, if present, appear to be at low levels and in apex predators [32] . The penta-and octa-BDE commercial mixtures that contain the lower-brominated congeners are no longer being produced in the United States, but their legacy remains in the myriad products that are still in use.
In sharp contrast to the PBDE congener patterns of California aquatic biota, the higher-brominated PBDEs (BDE-153, -183, and -209) were the major congeners in the California peregrine falcon eggs, with higher levels in eggs from nests located in urban versus rural areas (highest levels, SPBDEs 5 53 mg/g lipid weight; BDE-153 5 11.5 mg/g lipid weight; BDE-183 5 4.5 mg/g lipid weight; BDE-209 5 3.4 mg/g lipid weight) [11] . These high levels of BDE-209 and the higher-brominated BDE congeners provided an opportunity to look for evidence of biotransformation of BDE-209 to lower, and possibly more toxic, congeners. Thus, the present study compares the homolog patterns for the higher-brominated PBDEs (hepta-, octa-, and nona-BDEs) in peregrine falcon eggs and biota with those found in PBDE commercial mixtures and in environmental matrices (sludge, sediment, and dusts), the likely primary sources of exposures. The present study explores the link between the presence of significant concentrations of BDE-209,-208, -202, and -heptaUNK and the homolog patterns, especially for the nona-and octa-BDEs in biota compared with the commercial mixtures and abiotic matrices and the still uncertain environmental fate of the widely used deca-BDE formulations.
MATERIALS AND METHODS

Sample collection
Peregrine falcon eggs (n 5 95) were collected throughout California during 1986 through 2007 as part of the Peregrine Falcon Recovery Program of the Santa Cruz Predatory Research Group at the Long Marine Laboratory of the University of California at Santa Cruz. Some were collected as addled eggs in nests when nestlings were banded, whereas others were brought in for captive incubation after 2 weeks of nest incubation and did not hatch. All were frozen and archived. Eggs were shipped frozen at 220uC to the Environmental Chemistry Laboratory and were stored at 220uC until analysis [11] .
Chemicals and standards
The following internal standards were purchased from Wellington Laboratory ( In addition, native hepta-BDE standards BDE-180,-181,-182, -184,-190, and -191 were purchased from AccuStandardH, and native BDE-183 was purchased from Cambridge Isotope Laboratories, which was also used for retention time determinations. Other chemicals and solvents used for the analysis included hexane and methylene chloride (Ultra-Resi Analyzed, Malinckrodt-Baker Chemicals), tetradecane (Sigma-Aldrich), sodium sulfate (anhydrous, granular, reagent grade, Spectrum Chemical), silica gel (60-100 mesh, Malinckrodt-Baker Chemicals), sulfuric acid (EM Science) and potassium hydroxide (Fisher Scientific). A matrix-free standard (Predominant Congener Mix, Cambridge Isotope Labs) was used as an accuracy check standard for PBDE analysis.
Sample preparation and analysis
Polybrominated diphenyl ethers were extracted with the lipid fraction from lyophilized peregrine falcon eggs and analyzed by high-resolution gas chromatography coupled to high-resolution mass spectrometry.
Whole eggs (usually without but sometimes in the shell) were lyophilized as received (Virtis Freezemobile 12SL). The dry material was homogenized, and an aliquot containing about 0.1 to 0.3 g of fat was mixed with prewashed Ottawa sand and transferred to an 11-ml extraction cell of accelerated solvent extraction system (ASE200, Dionex). Internal standards were added and extracted with 1:1 hexane:methylene chloride at 80uC and 1,500 psi using one 5-min heating cycle and five 5-min static cycles with 100% flush and a 60-s purge. The extract, collected in a tared, solvent-rinsed, 60-ml amber vial, was weighed before and after removal of a portion (,3%) for gravimetric fat determination, performed by evaporation to constant weight. The remaining extract was passed over a glass column (15 3 2.5 cm, Kontes Glass) packed in discrete layers with (top-to-bottom) 20 g of sodium sulfate, 5 g of silica gel, 20 g of silica gel containing 44% w/w concentrated sulfuric acid, 2 g of silica gel, 2 g of silica gel treated with potassium hydroxide, and 2 g sodium sulfate. The column was washed with two 50-ml portions of 1:1 hexane:methylene chloride, and the combined eluates were reduced in volume to approximately 0.5 ml (RapidVapH, Labconco) and fractionated on an Envirogel TM GPC Cleanup Column (Waters) with 1:1 hexane:methylene chloride at 5 ml/min. The final 80 ml was collected, reduced (RapidVap) to less than 1 ml, and transferred to an amber vial containing 6 ml of tetradecane. After addition of recovery standards, the final extract volume was 10 ml. Injection volume was 0.5 or 0.25 ml. Brominated diphenyl ethers were measured by isotope dilution/highresolution gas chromatography-high-resolution mass spectrometry (HRGC-HRMS) using an Agilent 6890 gas chromatograph (Agilent Technology) coupled to a ThermoFinngan MAT95 (Bremen, Germany). The gas chromatograph, equipped with a DB-5 MS column (15 m 3 0.25 mm internal diameter, 0.1 mm film thickness, J&W Scientific), was operated in the pulsed splitless mode, with the injector temperature at 290uC and a constant helium flow rate of 0.4 ml/min. The GC oven temperature program was held at 175uC for 2 min, ramped to 280uC at 5.0 degrees/min to 310uC at 7.0 degrees/ min, and was finally held at 310uC for 5 min. The mass spectrometer operated in electron impact ionization-selective ion monitoring mode with 8,000 resolution. The source temperature was 250uC, and the ionization potential was 43 eV. Molecular ions were monitored to identify tri-to pentaBDEs, and M-2Br ions identified hexa-to deca-BDEs. BDEheptaUNK elutes immediately before BDE-183 and at a different time than any of the hepta-BDEs reported by La Guardia for which standards were available. La Guardia reports the presence below quantification of an unidentified hepta-BDE, hepta-a, in DE-79 that elutes immediately before BDE-183 on a DB-5HT chromatographic column and could be the same homolog as BDE-heptaUNK. [33,34; http:// spectroscopyonline.findanalytichem.com].
Quality assurance and quality control
Care was taken at each step of the analysis to minimize exposure to UV sources (amber glass storage containers for eggs and extracts, UV-blocking films on lights and windows) and minimize exposure to dust (sticky mats were placed at lab entrances, and labs were maintained at positive pressure). Possible cross-contamination in the ASE200 was monitored by analyzing ASE blanks at the end of the queue, which always had lower concentrations of all BDE congeners than method blanks. Cross-contamination in the cleanup apparatus from previous use was monitored by careful precleanup washing and analysis of the washings. All glassware and reagents used in the cleanup and extraction were rinsed with solvent. The eggs were prepared and analyzed in batches of 12 samples: nine eggs, a blank, a duplicate, and either a high (cormorant egg pool) or low (chicken egg pool) in-house continuing quality control material. Tetradecane blanks were analyzed daily. For PBDEs, a matrix-free standard (Predominant Congener Mix, Cambridge Isotope Labs) was analyzed regularly to monitor the accuracy of the instrumental analysis. For SPBDEs, three times the standard deviation of 24 blanks was less than one-half of the lowest 
RESULTS
The congener patterns in peregrine falcon eggs (n 5 95) were characterized by high levels of the higher-brominated BDEs (BDE-153, -183, and -209). Mean BDE levels were as follows: SPBDEs 5 7.85 mg/g lipid weight (range 0.08-53.0 mg/ g lipid weight; mean lipid 5 27.7% dry weight); BDE-209 5 0.49 mg/g lipid weight; nona-BDEs 5 0.18 mg/g lipid weight; octa-BDEs 5 0.80 mg/g lipid weight; hepta-BDEs 5 0.95 mg/g lipid weight; hexa-BDEs 5 1.95 mg/g lipid weight; penta-BDEs 5 1.90 mg/g lipid weight; and tetra-BDEs 5 0.54 mg/g lipid weight (Fig. 1) .
We examined profiles of the major hepta-BDE homologs (BDE-heptaUNK and -183), the major octa-BDE homologs , and the nona-BDE homologs (BDE-206, -207, and -208) in our peregrine falcon eggs (n 5 95) and compared these profiles with those reported for the deca-, octa-, and penta-BDE commercial mixtures [34] . For BDE commercial mixtures, we calculated homolog profiles from reported values for the deca-BDE (Saytex 102E, Bromkal 92-0DE), octa-BDE (DE-79, Bromkal-79-8DE), and penta-BDE (DE-71, Bromkal-70-5DE) commercial mixtures [34] . In addition, we used published levels of BDE-209 and higher-brominated congeners in animals, humans, and fish and compared them with our egg data. These comparisons are presented in Figures 2 through 5 .
DISCUSSION
The peregrine falcon egg congener profile differs markedly from the profiles that we have found in marine and aquatic biota, where lower-brominated (tetra-and penta-BDE) congeners predominated [11, [27] [28] [29] [30] [31] . These differences in congener profiles may be due to lower availability of BDE-209 to marine and aquatic biota as a result of its chemical properties (very high K OW and preferential binding to particles [6] ). These properties may result in a strong tendency for BDE-209 to biomagnify in the terrestrial food web [35, 36] .
These high levels of higher-brominated PBDEs allowed us to compare homolog profiles in the peregrine falcon eggs with those found in commercial mixtures. We found BDEheptaUNK (hepta-BDE) and BDE-202 (octa-BDE) present in measureable amounts in peregrine falcon eggs. These congeners are not reported in commercial mixtures (Figs. 1  and 2 ). Of interest, BDE-202 has been reported as a possible indicator of biotransformation in several studies: in fish living near the outfall of a wastewater treatment facility [1] , in feeding studies with trout and carp [19] [20] [21] , and in in vitro studies using trout and carp liver microsomes [20] . Brominated diphenyl ether-202 also has been found in herring gull eggs from the Great Lakes, USA [37] .
We also found two nona-BDEs (BDE-207 and -208) present in higher proportions in peregrine falcon eggs than the literature reports for the deca-and penta-BDE commercial mixtures (Fig. 3 ). An octa-BDE commercial mixture, DE-79, has a higher percentage of BDE-207 than the eggs, but its use was limited (less than 5% of total demand for BDEs in 2001 [6] ) and is unlikely a major contributor to the egg profile. Nona-BDE profiles in eggs also differed from those in environmental matrices: BDE-207 was the major nona-BDE in peregrine falcon eggs, as has been reported for other biota [9] [10] [11] [16] [17] [18] 38] , whereas BDE-206 is the major nona-BDE in abiotic matrices: sediment and sludge from wastewater treatment plants, house dust, thermal decomposition [1] (Fig. 5) . The higher proportion of BDE-208 in the nona-BDEs seen in eggs compared with that in commercial mixtures could result from either preferential uptake of BDE-208 from the deca-or octa-BDE commercial mixtures compared with the other nonaBDEs (BDE-206 and -207), uptake of a weathered PBDE commercial mixture whose nona-BDE profile resembles the peregrine falcon profile, or para-debromination of BDE-209.
Preferential uptake of BDE-208 is considered unlikely because the K OW values for the three nona-BDEs are similar [16, 35, 36] . The second alternative, that BDE-208 is a more prevalent nona-BDE homolog in weathered BDE commercial mixtures, also seems unlikely, because it is less than 2% of the nona-BDEs in sludge and sediment. Although it is approximately 30% of the mean of 11 household dusts sampled by Stapleton et al. [3] , their nona-BDE profile is dominated by BDE-206, with BDE-207 at approximately 10% (Fig. 5) .
Although BDE-209 is present at significant levels in abiotic and biotic matrices, the nona-BDE homolog profiles for the weathered BDEs in environmental (abiotic) matrices are strikingly different from the nona-BDE profiles seen in biota (biotic) matrices. For example, BDE-206 predominates in abiotic matrices (sediments, sludge, and house dust), whereas BDE-207 predominates in terrestrial biota (Fig. 5) . Brominated diphenyl ether-206 is produced by the ortho-debromination of BDE-209, whereas BDE-207 is formed by meta-debromination. The prevalence of BDE-207 in biota suggests that meta- Evidence of biodegradation of decabrominated diphenyl ether Environ. Toxicol. Chem. 28, 2009 debromination of BDE-209 is the favored pathway for biological transformation, whereas the prevalence of BDE-206 in abiotic systems suggests that ortho-debromination of BDE-209 is the favored pathway for abiotic debromination. The abiotic pattern is supported by the nona-BDE homolog profile for the in vitro synthesis of nona-BDEs from BDE-209 [39] and that found in the early stages of UV decomposition in hexane [40] . Biological debromination of BDE-209 at the para-position could explain the higher proportion of BDE-208 found in the eggs versus commercial mixtures. Similarly, biological debromination of BDE-209 at the meta-position could explain the higher proportion of BDE-207 in eggs (Fig. 4) .
These differences in hepta-nona-PBDE homolog profiles between peregrine falcon eggs and either commercial mixtures or environmental matrices are consistent with the metabolic debromination of BDE-209 in peregrine falcons or in their diet. The homolog patterns in the eggs suggest pathways for biological debromination of BDE-209, with first steps either a meta-debromination to BDE-207 (the most abundant nona-BDE in the eggs) or para-debromination to BDE-208 (the second most abundant nona-BDE in the eggs). Orthodebromination to BDE-206 would be the least favored pathway for biotransformation if we consider only the nona-BDE profiles.
However, the nona-BDE profiles may be a reflection of the relative half-lives of the nona-BDE homologs. Data on BDE half-lives in avian species are scarce, but a half-life of 11 to 18 d for BDE-209 has been reported in European starlings [18] . This is roughly the same as that reported for BDEs in the serum of occupationally exposed human rubber workers, in which half-lives for the nona-BDEs BDE-207, -208, and -206 were calculated as 39, 28, and 18 d, respectively [36] . On the basis of these human half-life data, if all nona-BDEs were equally likely products of BDE-209 biotransformation, then the nona-BDE profile would be 40% BDE-207, 40% BDE-206, and 20% BDE-208. These proportions differ significantly from the nona-BDE profile in the falcon eggs, 79.2% BDE-207, 16 .5% BDE-208, and only 4.3% BDE-206, and suggest that BDE-206, even with its shorter half life, is a less favored product of biological debromination of BDE-209.
The presence of BDE-202 (an octa-BDE) in the eggs (absent from commercial mixtures (Fig. 3) suggests that biotransformation of BDE-208 can occur by a second paradebromination. Finally, BDE-heptaUNK, a major (,20%) hepta-BDE homolog in peregrine falcon eggs but absent from commercial mixtures, warrants further structural study by softer ionization mass spectral methods to place it in a possible debromination pathway.
